are extremely sensitive, sampling design has large impacts on detection rates for target species.
The development of effective field sampling protocols is essential to the application of eDNA survey methods Eichmiller, Miller, & Sorenson, 2016; Lodge et al., 2012) . The efficacy of a protocol for collecting eDNA is influenced by biotic and abiotic factors that affect how eDNA persists, which in turn alters detection (Strickler, Fremier, & Goldberg, 2015) . The "ecology of eDNA" is composed of various processes and factors that affect the detection and analysis of eDNA and include origin, state, transport, and fate (Barnes & Turner, 2015) . Exposure to ultraviolet radiation, warm water temperature, and acidic pH can increase degradation rates (Dejean et al., 2011; Strickler et al., 2015) , likely through increased microbial activity. Research has found that there is also temporal variation in the production and detection of eDNA, with rates coinciding with different aspects of the animal's natural history, such as breeding or peak time of activity (De Souza, Godwin, Renshaw, & Larson, 2016) . The size of particles containing eDNA and how they are mixed in the aquatic environment directly affect capture and the efficiency of sample volume and filter pore size . Additionally, the way eDNA moves in the environment, and thus how it can best be sampled, also differs by system. Environmental DNA may travel some distance from the source in flowing water (e.g., 10 km; Deiner & Altermatt, 2014) , but has been estimated to decrease in concentration by half every 100 m in stream systems (Wilcox et al., 2016) . Environmental DNA is more stationary in lakes (Eichmiller, Bajer, & Sorenson, 2014) and remains close (potentially < 50 m) to the source that produced it, especially when source animals are at low densities (Dunker et al., 2016) . Past studies have used mesocosm experiments or placed caged animals in waterways to investigate eDNA detection (Jane et al., 2015; Wilcox et al., 2016) . However, these techniques may not be available to researchers of rare and endangered species or applicable to complex real-world conditions. Thus, the challenge is how to develop a protocol for target species in situ without direct knowledge of where the animal is.
Environmental DNA surveys are being increasingly utilized (Thomsen & Willerslev, 2015) and have a direct application for species conservation. Worldwide, animal populations are declining; this trend has been particularly steep for amphibians. Many amphibians spend important parts of their life cycle in water and can have low detectability (Adams et al., 2013; Green, 2003; Wake, 1991) . Thus, amphibians represent an important system for the development of eDNA protocols for long-term monitoring. Major declines have occurred for mountain-dwelling amphibians at high elevations and streams (Stuart et al., 2004) , and have been especially prevalent in the Sierra Nevada of California (Drost & Fellers, 1996; Sherman & Morton, 1993) . We tested sampling designs in lake and stream systems in the Sierra Nevada to determine the most effective eDNA sampling protocols for two protected amphibian species: the Sierra Nevada yellow-legged frog (Rana sierrae, Camp, 1917 ; Figure 1 ; annotated photograph Figure S1 ) and the foothill yellow-legged frog (Rana boylii, Baird, 1856).
Rana sierrae and R. boylii are found in the mountains of California, USA, with R. sierrae primarily occupying high-elevation lakes and outflow streams that they move to after overwintering in lakes and R. boylii found in streams. Rana sierrae has suffered large declines, including predation from introduced trout (Knapp & Matthews, 2000a , 2000b , 2000b while R. boylii has been impacted by the damming of rivers and the disturbance of thermal regimes (Catenazzi & Kupferberg, 2017) . Both species have experienced large population declines due to the infectious disease chytridiomycosis caused by the fungus Batrachochytrium dendrobatidis (Bd) (Adams, Pessier, & Briggs, 2017; Vredenburg, Knapp, Tunstall, & Briggs, 2010 These two yellow-legged frogs are highly aquatic, spending most of their lives in water, are challenging to find, and can overlap in streams along with their ranges. Management of these species is further complicated by their similarities in appearance, which can make identification in the field difficult. They occasionally hybridize, but hybrids do not appear to successfully reproduce (Peek et al. 2019) . By relying on genetic material, instead of phenotypic characteristics, the collection of eDNA has the potential not only to more F I G U R E 1 Sierra Nevada yellow-legged frog (Rana sierrae) basking in a stream. Plumas National Forest, USA accurately monitor the distribution of these two vulnerable amphibians, but also detect the fungus Bd that has impacted both species.
The systems that these frogs inhabit vary in flow, mixing, size, and substrate (Brown et al., 2019) and pose unique challenges when creating an overall sampling plan. We investigated elements of efficient eDNA sampling protocols in situ at lotic and lentic sites occupied by the two target species and analyzed the impact of volume, temporal variation, filter type, and spatial arrangement of samples on detection rate.
| ME THODS

| Assay design and validation
We developed an assay for each species (R. sierrae, R. boylii) following the recommended three-step design process of in silico, in vivo, and in situ phases (Goldberg et al., 2016) .
| In silico
We designed quantitative PCR (qPCR) primers and probes for eDNA analysis using previously published mitochondrial sequences from the NADH dehydrogenase subunit II (ND2) gene for both R.
sierrae (Vredenburg et al., 2007) and R. boylii (Lind, Spinks, Fellers, & Shaffer, 2011) . Sequences for assay design were compiled from GenBank (www.ncbi.nlm.nih.gov) and were comprised of individuals from across the ranges of the two species. We used a total of 57 R. sierrae and 77 R. boylii sequences to create a consensus sequence for each species using Sequencher 5.4.1 (Gene Codes Corporation).
We then used Primer Express (version 3.0, Applied Biosystems) to develop potential primer and probe combinations. For an assay to pass in silico validation, each of the species primers and probes was required to have at least five base pair (bp) differences total from the other yellow-legged frog species sequence, with at least one near the 3' end of each primer and in the center of each probe, to ensure that amplification would not occur in the opposing species (Table 1) . We then tested candidate assays for specificity in Primer-BLAST with default settings (Ye et al., 2012) to check that additional nontarget species would not amplify. If another species was found in the Primer-BLAST search to overlap with our species of interest, we rejected the assay and tested a new primer/probe sequence.
| In vivo
We tested assays in vivo with DNA extracted from tissues of the following target and nontarget species whose distributions overlap with R. sierrae and R. boylii: Sierra Nevada yellow-legged frog, foothill yellow-legged frog, Cascades frog (R. cascadae), bullfrog (Lithobates catesbeiana), western toad (Anaxyrus boreas), California red-legged frog (R. draytonii), northern red-legged frog (R. aurora), and Sierran treefrog (Pseudacris sierra). 
| In situ
Once the specificity each species-specific assay had been verified, we validated assays in situ. During the summer of 2015, we collected eDNA samples at nine locations where R. sierrae and R.
boylii were historically known to occur, comprised of two lakes and seven sites along streams, which were different from the locations that were later used to develop the sampling protocol. We collected water in sterile whirl-pak bags while wearing disposable latex gloves and then vacuum-pumped by hand (Mityvac model number MV8010) at the collection site through 0.45 µm cellulose nitrate (CN) filters in single-use filter funnels (Nalgene, Rochester, NY). We collected four field replicates per site plus one negative control of distilled water for a total of 45 filters. Field replicates were created by filtering water collected in separate grabs from the same site. We filtered 250 ml of water per filter for ponds and 1 L of water per filter for streams. Filters were placed in 2 ml vials of molecular grade ethanol and stored at room temperature until extraction.
We extracted DNA from filter samples using the Qiashredder/ DNeasy method described in Goldberg, Pilliod, Arkle, and Waits (2011) . We analyzed filter samples in triplicate using the reaction optimized during in vivo validation. Environmental DNA filter sample extraction and qPCR set up was carried out in a laboratory dedicated to low-quantity samples. Researchers are required to shower and change clothes before entering this room after being exposed to high-quality DNA or PCR product, and no tissue samples or PCR products have been brought into this room. A negative extraction control was included with each set of extractions. A negative qPCR control was analyzed with each plate of samples.
| Collection of eDNA samples to assess sampling design
Optimized sampling designs require information on when to sample, where to sample, and how much to sample. Sampling locations (lakes and streams) for this study were chosen based on historical presence of either yellow-legged frog species. As eDNA behaves differently in lentic and lotic systems (Barnes & Turner, 2015) , five lakes and five streams of various sizes and discharge were selected. The five montane streams varied in historical flows from 3.9 to 89.6 CFS (Wenger, Luce, Hamlet, Isaak, & Neville, 2010) . Substrate at the streams was comprised of very coarse gravel, coarse gravel, small cobble, large cobble, large boulder, and bedrock (Table S2 ). Lake circumference ranged from 280 m to 1,280 m. Across all the lakes, most of the substrate was comprised of muck and organic detritus with some fine gravel, coarse gravel, small cobble, and large boulders (Table S3) . We sampled monthly from May 16, 2016 to August 21, 2016 (Table S4 ).
Additional filter testing was conducted once at three previous lake locations from July 11th to September 15th, 2017. Water samples were taken from the surface of the lake or stream and we attempted to avoid touching or stirring up sediment, as not to reintroduce any eDNA that may have settled. We collected samples using a latex gloved hand and sterile whirl-pak bag. A negative control of distilled water was also filtered at each location to check for contamination from our filtration equipment or handling of samples. Once filtration was complete, the filter was folded in half using forceps that had been sterilized in a 50% bleach solution for one minute and rinsed in clean water. The filter was then placed in a coin envelope and stored in a bag filled with silica to desiccate. All filtration equipment was sterilized at the end of the day using a solution of 10% bleach and rinsed.
| Streams
To examine the most efficient spacing for stream sampling and to evaluate how far yellow-legged frog eDNA travels in the system, we collected samples at 100 m intervals along streams known to have populations of at least one of the two target species. We took samples at seven sites spaced 100 m apart, for a total distance covered of 600 m. Water temperature and pH were recorded at each site.
We took two samples at two different volumes, 1 L and 2 L, using 0.45 µm CN filters (Nalgene, Inc., item # 145-2045) at each sampling site ( Figure 2a ).
| Lakes
To cover the large circumference of lakes and increase efficiency in sampling larger lake sizes, we collected water from multiple points and combined them to create a filter sample to reflect occupancy at the lake scale. We took water while standing on the shore from points spaced 50 m apart around the circumference of the lake (Figure 2b ). Taking water from the shore not only is easier to attain and reduces potential for contamination, but also corresponds with the frog's littoral preferences. Water temperature and pH at every third point was noted. We then mixed a measured portion of the five consecutive water grabs in a new sterile whirl-pak bag, thus representing a lake site. Lake sites were sampled for two different target volumes for each site: 1 L for one filter sample (200 ml from each of the five points) and 2 L for the other (400 ml from each of the five points). In practice, we stopped filtration at 40 min if the target volume was not reached due to clogging and recorded the volume filtered. If there were less than five sample points on the last portion of the lake, a greater amount of water was filtered from each sample point, so that each equally contributed to the target volumes. We discovered during the first sampling occasion that filters at several of the lake locations would clog early on while pumping water, leading to a filtration volume below the target amounts. To increase the volume filtered, we took additional samples using two filters with a larger pore size to compare against the standard 0.45 µm CN filters by changing out the filters in the same style filter funnel (Nalgene). During sampling occasion 2, we tested 5 µm polyethersulfone (PES) filters and during sampling occasion
3 and 4, we tested a 5 µm mixed cellulose ester membrane (MCE).
We filtered samples at the same time to reduce differential effects of degradation.
Additional filter testing was carried out at lakes during the 2017 field season to attempt to increase volume of water filtered at lakes. We revisited three of the same eDNA protocol lakes (lakes G, I, and J) on a single sampling occasion to compare a new filter cup (Sterlitech AF045W50 disposable filter funnel) fitted with a 5 µm PES filter to the original Nalgene cups used with the 0.45 µm CN filters and 5 µm MCE filters. We collected water from the same 2016 points and combined water from the same five consecutive points.
We took two samples using 0.45 µm CN, two using 5 µm MCE, and two using 5 µm PES filters in a Sterlitech filter cup from each site.
Target volume filtered was 500 ml (100 ml from each point). We took a negative filter at each location using distilled water to check for contamination.
| Analysis of eDNA samples
Each sample was analyzed in triplicate in the qPCR multiplex. A positive qPCR replicate was defined as any sample that had at least one well testing with a Cq value of 45 or below. Samples testing as inhibited were cleaned using a OneStep TM PCR Inhibitor Removal Kit (Zymo, Inc., Irvine, CA). If the sample was still inhibited after this cleaning step, it was diluted by 1/10 and analyzed again. To examine the effect of volume filtered and date sampled on probability of detection, we analyzed all qPCR results using generalized linear mixed-effect models (GLMM) in R version 3.4.2 (R Core Team, 2017. https ://www.R-proje ct.org/) using the package lme4 (Bates, Mächler, Bolker, & Walker, 2015) . We analyzed streams and lakes separately. For streams, if a qPCR replicate was positive for one or both species, it was counted as just one positive detection.
| Effect of volume sampled on yellow-legged frog detection
To examine if filtration volume influenced detection rate, each model was run using detection as a binomial response of the proportion of qPCR replicates with detections for the two volumes filtered.
Location, site, and sampling occasion were used as a nested random We analyzed results from the 2017 filter comparison in lakes using the same model structure as the 2016 volume analysis. The proportion of positive qPCR replicates for each of the three filter types was the fixed effect and location and site were nested random effects. We also compared the filter type model with an intercept only model.
| Temporal variation of yellow-legged frog detection
For analysis of the effect of seasonal timing on overall eDNA detection, we modeled the binomial response of proportion of sampling sites with detection for each species. Only filter type 1 (0.45 µm CN) was used for this analysis. We defined a positive site as one where at least two out of the six combined qPCR replicates from the two volumes filtered had positive signals (Cq ≤ 45). The date that the location was sampled was transformed into days since the first day of sampling, where 1 was May 17th. Location was used as a random effect in the sampling date model.
| Spatial patterns of yellow-legged frog detection
We created a correlogram in GeoDa (version 1.12.1.59) to examine how eDNA signal and distance was correlated in streams. We used average starting quantity (Sq) of DNA calculated from the qPCR/ liters filtered for each site at the five stream sampling locations at the four sampling occasions. Data were binned at 100 m, 200 m, 300 m, 400 m, 500 m, and 600 m distances. Moran's I was then calculated only between pairs at the same location on the same sampling occasion.
| Relationship of Bd detection to sampling protocol
In addition to the two yellow-legged frog species, each filter sample was also analyzed for presence of the pathogenic fungus, Batrachochytrium dendrobatidis (Bd). We used the assay of Boyle, Boyle, Olsen, Morgan, and Hyatt (2004) and thermocycling conditions as in Kamoroff and Goldberg (2018) . We then analyzed the detection results for Bd using the same mixed-effect models for volume sampled and temporal variation.
| RE SULTS
| Assay design and validation
The R. sierrae assay did have some late coamplification with tissue samples of the northern red-legged frog (R. aurora); however, the ranges of these two species do not overlap. We found that no other species coamplified with our assays. The LOD for R. sierrae assay was 10 copies, and the LOD for the R. boylii assay was five copies. The LOQ for both assays was 100 copies. 
| Analysis
| Temporal variation of yellow-legged frog detection
Water temperature increased over time at locations (Table S7) , while pH remained similar on all sampling occasions (Table S8 ). Sampling later in the summer field season increased the probability of detection for streams, with the odds of a positive detection at a site on a stream increasing by 1.96X for every 30 days (95% CI: 1.30-2.97X)
between May 16th and August 21st (β = 0.02247, p-value = .001).
There was no evidence that sampling date influenced detection at sites at lakes (p-value = .206; Figure 4 ).
| Spatial patterns of yellow-legged frog detection
The 
| Relationship of Bd detection to sampling protocol
Twenty-nine of the samples collected tested positive for Bd. We did 
| D ISCUSS I ON
Using an in situ design, we found that volume, sampling date, and spatial sampling design can affect the efficacy of eDNA surveys for lotic amphibians. For lentic systems, we found that increased efficacy would be required to reach the consistency in detection rate that would be desirable for monitoring. This study shows that modification of sampling protocol can improve detection rate and can be achieved without knowledge of the species exact presence.
| Effect of volume sampled on eDNA detection
We found that that filtering 2 L versus 1 L of water increased detection rate of yellow-legged frogs in streams. This is expected for low-density populations, where smaller volumes are not enough for consistent detection (Mächler, Deiner, Spahn, & Altermatt, 2016; Schultz & Lance, 2015) . In systems with low overall detection rates and a low chance of clogging, filtering a larger amount of water may be the simplest way to increase detection.
In contrast to streams, increasing the volume filtered in lakes did not influence detection rates, likely due to patchiness of eDNA in lentic systems (Goldberg, Strickler, & Fremier, 2018) and lack of dispersion (Dunker et al., 2016) . If eDNA remains close to the source that produced it, then capturing it also requires proximity to the source. This is made especially challenging if a species is not present in great numbers (Moyer, Diaz-Ferguson, Hill, & Shea, 2014) . Detection in lakes is thus complicated as locating the eDNA source would require many water samples spaced closely together, increasing time and effort of sampling with increasing lake size.
A combination of filter material and pore size has been shown to influence detection rates (Eichmiller, Miller, & Sorensen, 2016; Turner et al., 2014) and should be evaluated to determine what works best for the size, turbidity, and species for the lake of interest. Employing larger pore sizes may help increase detection rates in environments where filters clog Turner et al., 2014) and we did increase our volume filtered when using 5 µm MCE filters; it just did not help increase detections of our rare frog in this case. While using a larger pore size could save time and allow for more sites to be sampled, our filters slowed after filtering 1 L and usually clogged, only occasionally reaching the target volume of 2 L. Thus, time and efficiency were still an issue for the lake sites of this study. A potential solution may be to use a purpose-designed pump that can collect a continuous sample across space (e.g., Thomas, Howard, Nguyen, Seimon, & Goldberg, 2018);  this would have to be tested for efficacy in this system and ability to overcome these challenges. Water could also be collected in a transect from a boat to cover the entire lake area, if that is necessary to target the habitat used by the species of interest (Eichmiller et al., 2014) .
| Temporal variation of eDNA detection
We found that detection rate was improved later in the season in streams but did not find this relationship in lakes. For streams, this is perhaps due to the drying out of sites as the summer progressed, leading to increased population densities for these highly aquatic species.
This increase appears not to be offset by the increased degradation
F I G U R E 3
Comparing environmental DNA detection rates across sampling sites in streams for volumes of 1 L and 2 L. Sampling sites were spaced 100 m apart along a stream transect. Detection rates are the number of qPCR replicates with a yellow-legged frog detection/ total number of replicates analyzed. Streams A, B, and D were detections of Rana boylii, stream C were detections of Rana sierrae and stream E had detections of both species. Note that when only the solid line is visible that means results were identical between the volumes. Additionally, note that for stream C sites 1, 2, and 4 were dry for sampling occasion 3 and 1, 2, 4, and 5 on sampling occasion 4 rate expected at higher temperatures (Strickler et al., 2015) . Temporal variation of eDNA detections has been found in several studies (Bista et al., 2017; Fukumoto, Ushimaru, & Minamoto, 2015; Furlan, Gleeson, Hardy, & Duncan, 2015; Laramie, Pilliod, & Goldberg, 2015) , and our findings are consistent with other studies in demonstrating that there might be an optimum sampling time for species of interest that should be targeted to ensure maximum detection. For ectotherms, warmer temperatures cause increased levels of activity, which can result in higher detection rates (Buxton, Groombridge, Zakaria, & Griffiths, 2017) . It has also been suggested that higher flows of streams earlier in the season may dilute eDNA available in the system (Laramie et al., 2015) , and thus sampling later in the season when flows have decreased and activities have increased may enhance detection.
However, detection did not increase with sampling date for lakes.
This is likely because of our lower detection rates in lakes, leading to lower power to detect differences. We might expect a rise in detection later in the summer, as frogs move to overwintering habitat in lakes before snowfall. Not much is known about the movement of R.
sierrae, but they are thought to migrate around October-December to hibernate at the bottom of lakes that do not freeze all the way though (Vredenburg, Fellers, & Davidson, 2005) . There is a balance of when to sample eDNA; detection may be improved by waiting to sample until
F I G U R E 4
Comparing environmental DNA detection rates across sampling sites in lake protocol locations for different filter types. Detection rates are the number of qPCR replicates with a yellow-legged frog detection/total number of replicates analyzed. All the lakes were occupied by Rana sierrae. Filter type 1 was the 0.45 μm CN filters and was used across all sampling occasions. On sampling occasion 2, filter type 2 was the 5 μm PES filters. For sampling occasions 3 and 4, filter type 3 was the 5 μm MCE filters Lake F Lake G Lake H Lake I Lake J closer to the winter, but colder temperatures can decrease activity and thus the production of eDNA.
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| Spatial patterns of eDNA detection
Environmental DNA transport has been a recurrent topic in the literature (e.g., Jerde et al., 2016; Laramie et al., 2015; Tillotson et al., 2018) and understanding how eDNA moves, especially in systems with flowing water, could help find eDNA sources and better inform sampling designs. This is especially important for the detection of rare and endangered species, where knowing exactly where populations are is critical for management. Results of this study suggest that yellow-legged frog eDNA does not travel far in moving water, as we found that eDNA spatial autocorrelation was not detected after 100 m. This distance is consistent with other stream eDNA transport studies; Wilcox et al. (2016) found that eDNA from caged brook trout traveled between 74-145 m and that 50% of eDNA dropped out in streams every 100 m. These results indicate that sampling along a reach, rather than single-point sampling, is important for detection of relatively sedentary species, as has been found for low-density populations in tropical systems (Lopes et al., 2017) . As detectable eDNA does not move very far from its source, point sampling could be used to indicate where within streams yellow-legged frogs are located. If the exact location is unimportant, then it may be more efficient and cost-effective to conduct sampling in transects or to combine multiple samples.
For lakes, we found that eDNA signals varied from site to site and were not equal in distribution around the circumference. This uneveness is similar to what earlier studies have found Hunter et al., 2015; Jerde et al., 2016) . The eDNA signal intensity in lentic systems can correlate with high use and animal density (Eichmiller et al., 2014) and may indicate habitat preferences for location and temperature (Takahara, Minamoto, Yamanaka, Doi, & Kawabata, 2012) . This preference may shift over the season, as frogs appeared to be occupying different areas of the lake at different sampling times, emphasizing the necessity to sample across space within a location.
Surveys for endangered and rare species represent a challenge for management and eDNA sampling can provide a powerful noninvasive approach to species detection. Our results indicate that effective sampling protocols for amphibians can be developed despite the limitations inherent in detecting low-density populations that also use the terrestrial environment. For lotic systems, we recommend collecting independent replicates of 2 L samples from throughout the reach of interest, about every 100 m, using 0.45 µm CN filters. For lake systems where R. sierrae resides, additional work is needed to improve detection rate; an in-line pump sampler (or similar system) that can collect replicate samples continuously across space and large volumes before clogging (Thomas et al., 2018 ) may be necessary for efficient detection of these rare species in lake environments. Evaluating the probability of detection through modification of sampling protocols is an important step in the development of an eDNA monitoring plan. Each of the steps in the analysis of eDNA, from capture to extraction and qPCR analysis, contribute to overall detection. Optimization of each of these components could help improve detection and broaden applications to other endangered aquatic species. 
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